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Abstract—Our previous research has reported on the develop-
ment of the first generation of quantum dots-in-a-well (DWELL)
focal plane arrays (FPAs), which are based on InAs quantum
dots (QDs) embedded in an InGaAs well having GaAs barriers,
which have demonstrated spectral tunability via an externally
applied bias voltage. More recently, technologies in DWELL de-
vices have been further advanced by embedding InAs QDs in
InGaAs and GaAs double wells with AlGaAs barriers, leading to
a less strained InAs/InGaAs/GaAs/AlGaAs heterostructure. These
lower strain quantum dots-in-a-double-well devices exhibit lower
dark current than the previous generation DWELL devices while
still demonstrating spectral tunability. This paper compares two
different configurations of double DWELL (DDWELL) FPAs to
a previous generation DWELL detector and to a commercially
available quantum well infrared photodetector (QWIP). All four
devices are 320 x 256 pixel FPAs that have been fabricated
and hybridized with an Indigo 9705 read-out integrated circuit.
Radiometric characterization, average array responsivity, array
uniformity and measured noise equivalent temperature difference
for all four devices is computed and compared at 60 K. Overall,
the DDWELL devices had lower noise equivalent temperature dif-
ference and higher uniformity than the first-generation DWELL
devices, although the commercially available QWIP has demon-
strated the best performance.

Index Terms—Infrared image sensors, quantum dots (QDs),
quantum wells (QWs), radiometry.
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I. INTRODUCTION

NFRARED focal plane arrays (FPAs) are useful for thermal

imaging, night vision, satellite imaging, distance ranging,
and improvised explosive device detection in both military and
commercial applications [1]-[4]. There are more established
technologies in both HgCdTe [5] and band-gap-engineered
quantum well (QW) infrared photodetectors (QWIPs) that have
produced FPAs capable of sensing and measurement across
most of the infrared spectrum from midwave (~4 pum) to very
long wave (24 pm-+) with low noise [1], [6]-[8]. Many of these
devices are well characterized and have demonstrated adequate
performance in the applications above. However, adding spec-
tral tunability to these sensors expands their potential applica-
tions and suitability for each application. Several papers have
reported on the characterization of a hybrid device between
QWIPs and the quantum dot (QD) infrared protectors (QDIPs),
which is called the dot-in-a-well (DWELL) [9]-[14] device that
exhibits this tunability. Although not as well developed as the
established QWIP devices, these DWELL structure include ad-
vantages such as multispectral response with a bias-dependent
spectral tunability and reproducible control of the operating
wavelength like a QWIP and the low dark current and normal
incidence operation of a QDIP [11]. The multispectral response
is a result of multiple transition energies (dot to dot, dot to well,
or dot to continuum), and the spectral tunability is a result from
band bending with applied bias voltage changing the transition
energies [9]-[11]. More recently, the DWELL structure has
been modified by embedding QDs in a QW structure and then
embedding this hybrid structure within another QW, which
is called a double DWELL or DDWELL [12] in this paper.
This new structure has the advantage of lower strain in the
heterostructure, which leads to higher temperature operation
while maintaining low dark current. The remainder of this paper
compares the original DWELL FPA and two versions of the
new DDWELL FPAs to a commercially available QWIP FPA.
A previous work on characterization of the DDWELL was from
an intermediate structure only. This paper elaborates with fur-
ther characterization of that intermediate DDWELL, expands
with characterization of the newer complete DDWELL, and
compares them to the original DWELL device and the well-
established QWIP [14]. Although the QWIP device demon-
strates the best performance and lowest noise, the second

0018-9383/$26.00 © 2011 IEEE
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Fig. 1. Progression of structure from DWELL to intermediate DDWELL and
finally to complete DDWELL.

generation of DDWELL detectors have dramatically increased
performance over the first generation and have the added benefit
of spectral tunability [11], which many established infrared (IR)
FPA technologies lack.

II. DWELL AND DDWELL DETECTOR STRUCTURE

The DWELL structure is composed of a 15-layer active
region of n-doped InAs QDs embedded in an In i5Ga g5As
QW with GaAs barriers, creating an InAs/InGaAs/GaAs het-
erostructure. The more recent DDWELL structure was accom-
plished in two steps called the intermediate DDWELL and the
complete DDWELL. Both devices are similarly composed of
InAs QDs (30 layers) embedded in an In 15Ga g5As QW, but
the entire structure is then embedded in another GaAs QW with
Al 10Ga gpAs barriers, creating an InAs/InGaAs/GaAs/AlGaAs
heterostructure. These band structures of each device are shown
in Fig. 1. An intermediate DDWELL was first designed and
developed to explore the benefits of the lower strain structure
over the original DWELL detector before a more symmetric
complete DDWELL was manufactured. The larger number of
active layers with the DDWELL structures is possible because
of the lower strain within the heterostructure and results in an
increased overall responsivity.

The commercial QWIP device is composed of multiple lay-
ers of doped GaAs QWs with superlattice AlGaAs barriers.
The exact number of layers in the active region is proprietary
information from the manufacturer.

The DWELL and two different DDWELL samples reported
here were grown using molecular beam epitaxy and processed
using a standard indium bump flip-chip technique into a 320 x
256 detector matrix at The University of New Mexico (UNM)
[13]. Each of the detector matrices was then hybridized (by
QmagiQ, LLC) to an Indigo Systems Corporation ISC9705
read-out circuit. The commercial QWIP device was manufac-
tured and hybridized in the same array size by QmagiQ, LLC
to the same ISC9705. After hybridization, all four FPAs were
tested at UNM using CamIRaTM system manufactured by
SE-IR Corporation. The results are from four FPAs all employ-
ing the same read-out integrated circuit and camera head that
were tested using the same range of blackbody illuminations.

III. DEVICE COMPARISON

Measurements of the array uniformity and noise equivalent
difference in temperature (NEDT) for the DDWELL interme-
diate and complete were compared with that of the DWELL
and the commercial QWIP. The temperature of the calibrated
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blackbody source was varied and the corresponding illumina-
tion values calculated, and the device response was measured
to determine the overall array uniformity, which is quantified by
standard deviation of pixel counts. All measurements here were
performed at a part temperature of 60 K using a closed-cycle
helium pump Dewar. All measurements were taken with the
same camera head, operating temperature, range of calibrated
blackbody illuminations, and using the same long-wavelength
IR (LWIR) /2 (8-12 pm) lens.

The results for the responsivity and array uniformity for
20 well-behaved pixels on each FPA is shown in Fig. 2. The
array uniformity has been quantified by the standard deviation
of read-out voltage from every pixel on each FPA and is
displayed as the dashed lines in Fig. 2. These results are also
tabulated in Table I as the noise, or spatial standard deviation.
The QWIP device had the lowest spatial deviation at 0.06 V,
whereas the DWELL and DDWELL devices ranged from 0.07
to 0.085 V. However, as shown in Fig. 2, the output voltage
range for the QWIP is around 2 V across the illumination range,
whereas that of the DWELL and DDWELL devices are between
0.6 and 0.7 V. The responsivity for each FPA is proportional to
the slope of the response of each FPA in Fig. 2, as demonstrated
by (1) [14]. While this plot demonstrates only 20 well-behaved
pixels, the responsivity was estimated and tabulated in Table I
by the results of the entire array as

dVso
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The slope of the response shown in Table I has a range
of values for the intermediate DDWELL and the complete
DDWELL. This is because both DDWELL structures showed a
higher responsivity at lower illuminations and a lower respon-
sivity at higher illuminations in a piece-wise linear response, as
shown in Fig. 2. At lower illumination levels, the DDWELL
devices had a higher responsivity than the first-generation
DWELL, whereas the DWELL had a higher responsivity at
higher illuminations.

Examination of Fig. 2 shows the range of signals measured
by each FPA. By comparing those to the spatial deviation
previously discussed, a range of measured signal and noise can
be established and the ratio compared to the NEDT (as the
signal-to-noise ratio (SNR) is the inverse of NEDT). Table I
summarizes the range of the signal of the detectors and the
range of spatial noise for each array.

Examination of the ratios of signal to noise in Table I show
that the SNR is about 2.5 to 3 times higher for the QWIP than
for the DWELL and DDWELL devices, which should result
in a 2.5 to 3 times larger NEDT for the QWIP device. This is
consistent with the results in Table I and of those shown below.

Two values of NEDT are recorded here: the spatial average,
i.e., the average of all 320 x 256 pixels, and the minimum, or
best value for the entire array. While most papers present only
their “best performance” for the array or the performance of
a single pixel, this paper presents both the best performance
and the average performance for all pixels to show the spatial
deviation arising from manufacturing.

The average NEDT for the entire FPA was measured
using the same method of changing the illumination via the



2024

PTC QWIP, 20 well-behaved pixels, 60K device temp
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Fig. 2. Photon transfer curve to visualize the response of 20 well-behaved pix-
els with (solid marker line) overlaid entire array pixel mean and (upper and lower
dashed lines) standard deviation for the entire array at 60-K part temperature.
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TABLE 1
TABULATED RESULTS FOR ARRAY AVERAGED NEDT, MINIMUM NEDT
FOR THE ENTIRE ARRAY, AVERAGE RESPONSIVITY, AVERAGE
FPA OUTPUT VOLTAGE (SIGNAL), AND STANDARD SPATIAL
DEVIATION FOR THE ENTIRE ARRAY (NOISE) OBSERVED
WITH AN ILLUMINATION OF 2 x 1073W/(cm?pm)

Device Parameter Value
(@60°K)
QWIP NEDT Avg. (mK) 27.2
NEDT Min. (mK) 22.4
Responsivity (V/W) 719.46
Unresponsive pixels (%) | 0.06
Voltage Out (Signal) 1.94
Noise (Spatial std. dev.) | 0.06
DWELL NEDT Avg. (mK) 143.0
NEDT Min. (mK) 107.2
Responsivity (V/W) 291.45
Unresponsive pixels (%) | 0.09
Voltage Out (Signal) 0.7
Noise (Spatial std. dev.) | 0.07
DDWELL NEDT Avg. (mK) 105.7
Intermediate | NEDT Min. (mK) 78.5
Responsivity (V/W) 141.7-318.7
Unresponsive pixels (%) | 0.1
Voltage Out (Signal) 0.59
Noise (Spatial std. dev.) [ 0.085
DDWELL NEDT Avg. (mK) 160.6
Complete NEDT Min. (mK) 105.6
Responsivity (V/W) 182.5-313.7
Unresponsive pixels (%) | 1.0
Voltage Out (Signal) 0.64
Noise (Spatial std. dev.) [ 0.078
e Average NEDT, entire array, 60°K part temp
—— Double DWELL Intermediate
—=- Double DWELL Complete
250 |- i QWIP
—— DWELL
200 -
¥
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lllumination, Watts/(cm?*um) x103
Fig. 3. (Solid marker line) Average NEDT and spatial deviation or pixel to

pixel variation in NEDT for (error bars) the entire array obtained for the QWIP,
DWELL, and both DDWELL devices at 60-K device temperature.

blackbody source. The results of the average NEDT values on
the array at each illumination level and spatial deviation (error
bars) are shown in Fig. 3 for the original DWELL, DDWELL
intermediate, DDWELL complete, and the commercial QWIP
devices. While the QWIP had an average NEDT below 50 mK,
the DWELL decreased from 250 mK to around 110 mK, with
increasing illumination. Both the DDWELL structures ranged
between 90 and 160 mK for the entire range of illuminations,
showing a lower noise with this new structure.
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Minimum NEDT, entire array, 60°K part temp
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Fig. 4. Minimum NEDT of the entire array for all four devices versus
illumination provided by calibrated blackbody.

The NEDT values were found by using the change in output
voltage AV, with each corresponding temperature change AT
of the blackbody source, along with the noise voltages v,
with [14]

AT

NEDT = ——.
AV()/Un

(@)

The same range of illuminations was used to find the mini-
mum NEDT of the FPA (best pixel) and is displayed in Fig. 4.
Table I summarizes the average and minimum NEDT at the
illumination of 2 x 10~® W/(cm?um). The minimum NEDT
for the array regardless of illumination is 20 mK for the QWIP,
85 mK for the DWELL, 57 mK for the intermediate DDWELL,
and 25 mK for the complete DDWELL. An examination of
this “best pixel” scenario demonstrates a dramatic improvement
in minimum NEDT with the DDWELL structures over the
DWELL, although the QWIP is slightly lower. The examination
of the entire range of minimum NEDT in Fig. 4 shows that the
QWIP and DWELL devices generally demonstrate a decrease
in minimum NEDT with illumination, whereas the DDWELL
devices demonstrate an increase. This is consistent with the
smaller changes in the output voltage at higher illumination
with the DDWELL devices, as shown in Fig. 2.

IV. CAMERA NOISE, ACQUIRED IMAGES,
AND DISCUSSION

The closed-cycle helium pump Dewar employed in these
experiments uses an internal temperature sensor and a closed-
loop feedback system to maintain a constant temperature of the
operation. Temperature variation of thermal IR FPAs can lead
to significant noise effects in the overall imaging system. Fig. 5
shows a 280-s exposure demonstrating the temporal variation,
in analog-to-digital unit (ADU) counts from the camera system,
of the QWIP device as a result from the thermal instability
of the closed-cycle helium pump Dewar. As configured with
the ISC9705 read-out circuit and the CamIRaTM system, this
slight temperature variation of less than 0.5 K yields as much as
350 ADU count variations in the measured output. This trans-
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Fig. 5. Long exposure showing temporal variation of nearly 350 ADUs
across a 280-s exposure as a result of the closed-cycle helium pump Dewar
temperature instability.

lates to roughly 0.2 V on the QWIP and around 0.06 V for the
DWELL and DDWELL devices. This is greater than or equal to
the standard deviation of the output voltage versus illumination
tabulated in Table I, suggesting that some of the device output
deviation could be a result of the cooler instead of the pixel
structure. A future work will include the implementation of
a more precise cooler and the mitigation of these thermal
variations.

Another interesting note from Table I is the number of unre-
sponsive pixels. An unresponsive pixel is one defined as either
pegged high or low. As expected, the commercially available
QWIP device had the lowest number of unresponsive pixels
at 0.03%. The DWELL FPA had 0.07% unresponsive pixels,
mainly due to the number of revisions in manufacturing before
the completion of this sample. The intermediate DDWELL
showed 0.085% unresponsive pixels as this structure was not a
dramatic change from the original DWELL. The manufacture
of the complete DDWELL was a dramatic change and thus
demonstrated a nearly 1% total of unresponsive pixels. This
has already been improved in improvements in manufacturing
as of the time of this article. The unresponsive pixels were
not included in the measurements shown in this article and are
tabulated for comparison purposes only.

Images were taken with all four devices using an /2 LWIR
lens (8—12 pm). These were acquired after a nonuniformity
correction. A custom image-scaling algorithm was used to
avoid the standard nonuniformity corrected scaling of image
intensity with hot and cold pixels included.

Even though the performance of the DWELL and DDWELL
devices is inferior to the commercial QWIP, we are investi-
gating approaches to bridge this gap. The commercial QWIPs
have grating structures incorporated in them since QWIPs do
not have any normal incidence absorption due to polariza-
tion selection rules. We have observed that the QDs that are
used in the DWELL architecture are pancake shaped with a
large base-to-height ratio. This causes the normal incidence
(s-polarization) absorption to be a factor of five lower than
the off axis (p-polarization) incidence. We are working on
developing a recipe for growing higher aspect ratio QDs to
increase the normal incidence absorption. In the meantime,
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we can obtain a fivefold decrease in the NETD by fabricating
gratings on the FPA, similar to the ones used in the QWIP FPAs.

V. CONCLUSION

This paper has compared recently developed DDWELL
FPAs with first-generation DWELL FPAs and a commercially
available QWIP FPA using the same read-out circuit, camera
head, and range of illuminations to radiometrically characterize
each sensor. The DDWELL devices were designed and devel-
oped in an effort to reduce lattice strain mismatch and lower
noise. At 60 K, the QWIP device performed the best with both
DDWELL devices performing better than the original DWELL
device. The QWIP had an average NEDT below 50 mK and the
minimum of 20 mK. Both DDWELL structures ranged between
90 and 160 mK for average NEDT and from 25 to 57 mK for
the minimum NEDT. The original DWELL showed an average
NEDT between 110 and 250 mK and a minimum NEDT of
85 mK. This demonstrates lower noise for the DDWELL de-
vices than for the original DWELL. A future work will explore
the higher temperature operation of these devices.
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